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ABSTRACT Ribulose-1,5-bisphosphate carboxylasey
oxygenase (EC 4.1.1.39) is the key photosynthetic enzyme that
catalyzes the first step of CO2 fixation. The chloroplast-
localized holoenzyme of plants and green algae contains eight
nuclear-encoded small subunits and eight chloroplast-
encoded large subunits. Although much has been learned
about the enzyme active site that resides within each large
subunit, it has been difficult to assess the role of eukaryotic
small subunits in holoenzyme function and expression. Small
subunits are coded by a family of genes, precluding genetic
screening or nuclear transformation approaches for the re-
covery of small-subunit mutants. In this study, the two
small-subunit genes of the green alga Chlamydomonas rein-
hardtii were eliminated during random insertional mutagen-
esis. The photosynthesis-deficient deletion mutant can be
complemented with either of the two wild-type small-subunit
genes or with a chimeric gene that contains features of both.
Thus, either small subunit is sufficient for holoenzyme as-
sembly and function. In the absence of small subunits, ex-
pression of chloroplast-encoded large subunits appears to be
inhibited at the level of translation.
Ribulose-1,5-bisphosphate carboxylaseyoxygenase (Rubisco,
EC 4.1.1.39) is conceivably the most abundant and most
important protein on earth. It enables atmospheric carbon to
be captured into the biosphere by carboxylating ribulose
1,5-bisphosphate in the first step of photosynthesis. O2 com-
petes with CO2 at the same active site, and substrate oxygen-
ation initiates a fruitless photorespiratory pathway. If carbox-
ylation could be increased or oxygenation decreased, a sub-
stantial increase in photosynthetic productivity would be
realized (for reviews, see refs. 1 and 2).
Most Rubisco holoenzymes are composed of eight large and
eight small subunits. In green plants, the 55-kDa large subunits
are coded by a single rbcL chloroplast gene, and x-ray crys-
tallography has revealed that each large subunit contains an
ayb-barrel active site (for review, see ref. 3). Much has been
learned about the contribution of large-subunit structure to
holoenzyme function by employing chloroplast genetic meth-
ods in the green alga Chlamydomonas reinhardtii (1, 4–6), or
by studying directed-mutant prokaryotic enzymes expressed in
Escherichia coli (2, 7, 8). In contrast, little is known about the
contribution of the small subunit to Rubisco structure and
function.
In green plants, small subunits are coded by a family of two
or more rbcS nuclear genes, synthesized as 20-kDa precursors
in the cytoplasm, and processed to 15 kDa during transport
into the chloroplast (for review, see ref. 9). Members of a
family of rbcS genes are differentially expressed during plant
development (10, 11), and the amino-acid sequences of the
mature small subunits can differ at several residues (12).
Because there are multiple rbcS genes, it has been difficult to
determine whether small subunits might contribute to the
enhanced catalytic efficiency of eukaryotic enzymes or
whether small-subunit diversity may have some functional
significance (13, 14). Rubisco from Rhodospirillum rubrum,
which is the prokaryotic enzyme used most extensively for
directed mutagenesis studies (4), lacks small subunits. Di-
rectedmutagenesis of cyanobacterial small subunits, expressed
and assembled with cyanobacterial large subunits inE. coli, has
shown that small subunits can influence holoenzyme stability
and the rate of carboxylation (15–18). However, such studies
cannot assess the significance of the structural and functional
differences between prokaryotic and eukaryotic Rubisco ho-
loenzymes. No rbcS mutant has yet been recovered by genetic
screening, and the eukaryotic holoenzyme cannot be ex-
pressed in E. coli (19, 20). Studies of the eukaryotic small
subunit have been limited to assembly with cyanobacterial
large subunits (21, 22) or transport of directed-mutant sub-
units into isolated chloroplasts (23, 24).
In this study, aC. reinhardtiimutant was recovered that lacks
both of the rbcS genes. This photosynthesis-deficient mutant
can be maintained due to the fact that C. reinhardtii is able to
survive in the absence of photosynthesis when supplied with
acetate (25). Because the deletion mutant can be rescued by
transformation with a single rbcS gene, it will now be possible
to address questions of small-subunit function within the
chloroplast Rubisco holoenzyme.
MATERIALS AND METHODS
Strains and Culture Conditions. C. reinhardtii strains were
maintained at 258C in darkness on medium containing 10 mM
sodium acetate and 1.5% Bacto agar (25). The cwdarg-7-8 mt2
strain, which lacks a cell wall and requires arginine for
growth (26), was grown with medium containing 0.5 mM
arginine. It was designated as the wild type in this study. For
experimental procedures, cells were grown in 50 or 500 ml of
liquid medium on a rotary shaker at 120 rpm to a density of
2 3 106 cells per ml.
Plasmids and Genetic Engineering. Plasmid pARG7.8,
which contains the wild-type gene for argininosuccinate lyase
(26), was used for the transformation of strain cwdarg-7-8 mt2.
The 5-kb EcoRI fragment, containing rbcS1 (27), and the
7.9-kb HindIII–EcoRI fragment, containing rbcS2 (27), were
cloned previously (28). These fragments were subcloned into
pUC19 (29), creating plasmids pSS1 and pSS2, respectively. To
create a chimeric rbcS gene, a 3-kb NsiI–EcoRI fragment that
contains rbcS2 was subcloned into PstIyEcoRI-digested
pUC19 to generate plasmid pNESS2. The 881-bp SacII frag-
ment from pNESS2 (within the rbcS2 coding region) was then
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replaced by the corresponding 739-bp SacII fragment from
pSS1. The resultant plasmid was named pNETASW.
Transformation and Insertional Mutagenesis. Cells (4 3
107 in 0.4 ml of growth medium containing 5% polyethylene
glycol) were transformed with pARG7.8 DNA (2–8 mg) or
rbcS plasmid DNA (3 mg) by the glass bead vortexing method
(30). The transformation mixture was then plated at a density
of 1 3 107 cells per 100-mm Petri plate. pARG7.8 transfor-
mants were selected on acetate medium without arginine in
darkness, and then replica-plated to minimal medium in the
light to screen for acetate-requiring, photosynthesis-
deficient mutants (25). Transformants obtained with rbcS
plasmids were selected directly on minimal medium in the
light (80 mEym2ys).
Pulse Labeling, Gel Electrophoresis, and Western Blot
Analysis.Dark-grown, sulfate-starved cells were pulse-labeled
with 35SO422 for 1 min and chased with 10 mM Na2SO4 for 60
min (31). Samples were extracted, equal amounts of radioac-
tivity were subjected to SDSyPAGE with a gradient resolving
gel of 7.5 to 15% acrylamide, and protein bands were visual-
ized by fluorography (5). For Western blot analysis, total
soluble proteins were extracted by sonication (32). The protein
extracts were then fractionated by SDSyPAGE, transferred to
nitrocellulose, and probed with rabbit anti-tobacco Rubisco
immunoglobulin G (0.5 mgyml) provided by Raymond Chollet
(Department of Biochemistry, University of Nebraska, Lin-
coln, NE) (5, 28). Protein bands were visualized via enhanced
chemiluminescence (Amersham) by using a secondary anti-
body conjugated to horseradish peroxidase (Bio-Rad) (5, 28).
PCR Amplification. Total DNA was extracted (5), purified
on CsCl gradients (33), and digested with HaeIII or EcoRI
prior to initiating PCR reactions (34). PCR amplification of
rbcL (35) was performed with oligonucleotide primers com-
plementary to the known rbcL sequence (4, 5). For the
amplification of rbcS1 and rbcS2 gene regions (27), oligonu-
cleotide primers 59-GCAGGATGTTCGAGACCTTC-39 and
59-CCTGCTTCTGGTTGTCGAAG-39 were used. The reac-
tions were performed for 31 cycles, each consisting of 1 min
denaturation at 948C, 1 min primer annealing at 578C, and 3
min primer extension at 728C.
DNA and RNA Hybridization. Total DNA was digested with
EcoRI and HindIII, separated on a 0.8% agarose gel, and
blotted to nylon (33). The 1190-bp PstI fragment, correspond-
ing to the 39 end of rbcS2 (35), was nick-translated (33) with
[32P]dCTP and used as a probe for both rbcS genes. Hybrid-
ization was performed in 53 SSPE (750 mM NaCly50 mM
NaH2PO4y5 mM EDTA, pH 7.4), 100 mgyml denatured
salmon sperm DNA at 658C. Filters were washed in 0.13
SSPEy0.1% SDS at 658C and subjected to autoradiography at
2708C. Total RNA was isolated, resolved in agarose-
formaldehyde gel, and blotted to nylon membrane (36). A
32P-labeled PCR fragment of rbcL [bases 295-1245 relative to
the 1428-bp coding region (35)] was used as a probe. Hybrid-
ization was performed in 63 SSPE, 50% formamide, 0.5%
SDS, 100mgyml denatured salmon spermDNA at 428C. Filters
were washed in 0.13 SSPEy0.1% SDS at 658C and subjected
to autoradiography at 2708C.
RESULTS
Insertional Mutagenesis. C. reinhardtii can be stably and
efficiently transformed by simply agitating cells and DNA with
glass beads (30). Because the DNA integrates into the nuclear
genome at apparently random loci, the transforming DNA can
act as an insertional mutagen to disrupt functional genes (37,
38). We initially decided to use this method to physically mark
alleles of mutant nuclear genes that affect Rubisco expression,
stability, and catalysis (28, 36, 39). A dark-grown cwdarg-7-8
mt2 strain, which lacks a cell wall and requires arginine for
growth (26), was transformed with plasmid pARG7.8, which
contains the wild-type argininosuccinate lyase gene (26).
Transformants were selected on acetate medium (without
arginine) in darkness at a frequency of 23 1025 cells, and then
replica-plated to minimal medium in the light to screen for
acetate-requiring, photosynthesis-deficient mutants (25).
About 1.5% of the transformants required acetate for growth.
This recovery frequency for acetate-requiring mutants is about
7 times greater than that reported for previous insertional-
mutagenesis experiments performed in the light (37). It is well
known that C. reinhardtii photosynthesis-deficient mutants can
be killed or selected against on acetate medium in the light (25,
40). About 80% of our acetate-requiring insertional mutants
were light-sensitive, and could be maintained only in darkness.
Rubisco Small-Subunit Mutant. When the acetate-
requiring insertional mutants were screened by SDSyPAGE
and Western blot analysis, one of the light-sensitive strains,
named T60-3, was found to lack Rubisco large and small
subunits. This is a common attribute of a number of Rubisco
mutants that have primary defects in large-subunit synthesis or
assembly (5, 6, 31, 36). However, 35SO422-labeling experiments
indicated that little or no synthesis of either subunit occurred
during a 1-min pulse (Fig. 1A). Because no Rubisco-deficient
mutant had previously been found to lack small-subunit syn-
thesis (see ref. 1), we thought that T60-3 might have a primary
defect related to the small subunit. Genetic analysis has not
been possible for the T60-3 mutant because it lacks flagella.
This f lagellar defect may have arisen spontaneously, or it may
be the result of insertional mutagenesis (38). Nonetheless, we
could not discriminate between a mutation within the chlo-
roplast rbcL gene or a mutation in a nuclear gene by simply
performing a genetic cross. Instead, the presence of an intact
rbcL gene was verified by PCR (data not shown) and RNA
hybridization (Fig. 1B). We then transformed the T60-3 mu-
tant with either rbcS1 or rbcS2 (plasmids pSS1 or pSS2,
respectively) to see whether photosynthesis-competent trans-
formants could be selected on minimal medium in the light.
The rbcS1 and rbcS2 plasmids were able to complement the
T60-3 mutation, producing photosynthesis-competent colo-
nies at frequencies of 1.4 3 1025 and 2.9 3 1026, respectively.
These transformants have near wild-type phenotypes when
maintained on minimal medium in the light. No spontaneous,
photosynthesis-competent revertant of T60-3 has been ob-
served after plating more than 5 3 108 cells on minimal
medium in the light.
Deletion of the rbcS Locus. Because the two rbcS genes are
physically linked within the haploid genome of C. reinhardtii
(Fig. 2), and insertional mutagenesis can be accompanied by
deletions as large as 23 kb (38), we thought that both rbcS genes
may have been deleted in the T60-3 mutant. To test this
hypothesis, we attempted to PCR amplify the rbcS genes.
Because the two rbcS genes share extensive homology (27), a
single pair of oligonucleotides was used to amplify an internal
region of both genes simultaneously (Fig. 2). The PCR prod-
ucts differ in size because intron 2 is larger in the rbcS2 gene.
As shown in Fig. 3A, wild-type DNA produced 753- and 888-bp
PCR products (from rbcS1 and rbcS2, respectively), but mutant
T60-3 DNA failed to produce either product.WhenDNA from
rbcS1 or rbcS2 transformants was PCR amplified, only the
expected 753-bp (rbcS1) or 888-bp (rbcS2) product was ob-
served (Fig. 3A). Although it appeared that mutant T60-3
lacked both rbcS genes and could be rescued by transformation
with either rbcS1 or rbcS2, we were curious to know how much
of the rbcS locus had been deleted. Therefore, DNA hybrid-
ization experiments were performed in which a single PstI
restriction fragment from rbcS2 was used as a probe for both
rbcS genes (Fig. 2). As shown in Fig. 3B, whenHindIIIyEcoRI-
digested wild-type DNA was analyzed, the 32P-labeled probe
detected a 1.5-kb HindIII–EcoRI fragment (containing the 39
end of rbcS1) and a 7.9-kb HindIII–EcoRI fragment (contain-
ing the entire rbcS2 gene). When mutant T60-3 DNA was
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analyzed, neither fragment was observed (Fig. 3B), and the
rbcS1 and rbcS2 transformants contained only the 1.5-kb or
7.9-kb HindIII–EcoRI fragment, respectively (Fig. 3B). The
exact size of the deletion in the T60-3 mutant is not known, but
DNA hybridization also failed to detect sequences within the
59 f lank of rbcS2 (Fig. 2) when a 2-kb HindIII–EcoRV frag-
ment was used as a probe (data not shown). Thus, it is possible
that the entire 13-kb rbcS locus (Fig. 2) is absent from mutant
T60-3. We formally denote this mutation and mutant strain as
rbcS-T60-3.
Transformants That Contain rbcS1 or rbcS2. Previous stud-
ies have indicated that the rbcS genes of C. reinhardtii are
differentially expressed at the transcriptional level (27, 41). In
particular, very little rbcS1 mRNA was found in dark-grown
cells relative to the abundant rbcS2mRNA (27). Clearly, either
gene alone is sufficient for the production of Rubisco holoen-
zyme in light-grown cells, or we would not have been able to
recover photosynthetic transformants on minimal medium in
the light. However, if the expression of either gene was
substantially inhibited in dark-grown cells, it might prove
difficult to purify mutant holoenzymes in future genetic-
engineering studies. As shown in Fig. 4, Western blot analysis
revealed that rbcS1 and rbcS2 transformants synthesize appre-
ciable levels of Rubisco when grown in darkness, further
indicating that either rbcS gene is sufficient for the production
of Rubisco holoenzyme.
Because the two rbcS genes encode slightly different pro-
teins (27), we wondered whether the differences might have
some functional significance. The mature rbcS2 gene product
has Ser-22, Ser-47, Ser-128, and Trp-132, but the rbcS1 gene
product has Thr-22, Ala-47, Thr-128, and Phe-132 (Fig. 2). To
test whether these residues are involved in an essential struc-
tural interaction, a chimeric rbcS gene was created by replacing
a SacII fragment from rbcS2 with the SacII fragment from
rbcS1 (Fig. 2). This new gene, with flanking sequences from
rbcS2, would encode a mature small-subunit protein contain-
ing Thr-22, Ala-47, Ser-128, and Trp-132. The chimeric gene
was found to produce photosynthesis-competent transfor-
mants of rbcS-T60-3 at a frequency of 3.5 3 1026 cells. Thus,
the residues that differ between the two wild-type small
subunits do not appear to play an essential role in holoenzyme
assembly or function.
DISCUSSION
The rbcS-T60-3 photosynthesis-deficient mutant of C. rein-
hardtii lacks Rubisco holoenzyme (Fig. 1) due to the elimina-
tion of the rbcS gene family via random insertional mutagen-
esis. Because neither rbcS gene can be detected by PCR or
DNA hybridization (Fig. 3), it is likely that the entire 13-kb
rbcS locus has been deleted during the insertional event (Fig.
2). Consistent with this assessment, no photosynthetic-
competent revertants can be recovered, but the rbcS-T60-3
mutant strain can be rescued by transformation with either of
the two wild-type rbcS genes (Fig. 3). In fact, rbcS transfor-
mation occurs at frequencies comparable to those observed for
other nuclear genes in C. reinhardtii (30, 37, 38). Because
transformants that contain either rbcS gene express apprecia-
ble levels of Rubisco, even when grown in darkness (Fig. 4), it
will now be possible to use directed and random mutagenesis
to assess the role of the eukaryotic small subunit in holoen-
zyme structure and function.
Although the two small subunits differ at four residues (Fig.
2), transformation experiments showed that either rbcS gene
is sufficient for the production of an active Rubisco holoen-
FIG. 1. Mutant T60-3 fails to synthesize Rubisco large and small
subunits. (A) Pulse labeling of soluble cell proteins in wild-type (lanes
1 and 3) and mutant T60-3 (lanes 2 and 4). Dark-grown cells were
labeled with 35SO422 for 1 min (lanes 1 and 2) and chased with 10 mM
Na2SO4 for 1 h (lanes 3 and 4). Equal amounts of radioactivity were
fractionated with SDSyPAGE, and protein bands were visualized by
fluorography. LS, large subunit; SS, small subunit. (B) Amount of rbcL
mRNA in wild-type (lane 1) and mutant T60-3 (lane 2). Total RNA
was isolated, resolved in an agarose-formaldehyde gel (10 mg of RNA
per lane), and probed with a 32P-labeled PCR fragment of rbcL (bases
295–1245 relative to the 1428-bp coding region).
FIG. 2. Organization of the rbcS locus in C. reinhardtii (27). The
coding regions of the rbcS1 and rbcS2 genes are displayed as exons
(solid boxes) connected by introns (thick lines). Both genes are
oriented in a 59 to 39 direction. A PstI restriction fragment used as a
32P-labeled DNA probe is shown as an open box. PCR products,
generated from both rbcS1 and rbcS2 with a single pair of oligonu-
cleotides, are shown as hatched boxes. Restriction sites are indicated:
R, EcoRI; H, HindIII; P, PstI; S, SacII. Each rbcS gene encodes a
185-residue polypeptide. The first 45 residues are removed during
chloroplast import to form the 140-residue mature small subunits.
Approximate locations of amino-acid differences between the two
small subunits (residues 22, 47, 128, and 132) are marked with
single-letter abbreviations within the exons: A, Ala; F, Phe; S, Ser; T,
Thr; W, Trp.
Biochemistry: Khrebtukova and Spreitzer Proc. Natl. Acad. Sci. USA 93 (1996) 13691
zyme. Thus, small-subunit heterogeneity is not required for
holoenzyme function or assembly. The idea that both rbcS
genes are functional in wild type accounts for the fact that no
rbcS mutants have been recovered by genetic screening (see
ref. 1). Such mutants would be recovered only if both rbcS
genes received lethal mutations, the probability of which is the
square of the recovery frequency for a single mutation.
Because the rbcS1 and rbcS2 transformants accumulate less
Rubisco than wild type (Fig. 4), it seems likely that multiple
rbcS genes are necessary only for the production of more
Rubisco holoenzyme.
The amino-acid differences between the two C. reinhardtii
small subunits are generally conservative (Fig. 2), with the
substituted residues having similar Van der Waals volumes.
The most dramatic differences comprise the replacement of
polar Ser-47 and Trp-132 residues in the rbcS2 gene product
with hydrophobic Ala-47 and Phe-132 residues in the rbcS1
gene product. Nonetheless, a chimeric rbcS gene, encoding a
small subunit with Ala-47 and Trp-132, is able to rescue the
rbcS-T60-3 mutant. If the different residues contribute to
unique structural interactions within each small subunit, such
interactions are not essential for holoenzyme function or
assembly. Detailed biochemical analysis will be required (and
can now be performed) to determine whether differences in
small-subunit structures produce differences in Rubisco catal-
ysis (see ref. 14).
Previous 35SO422 pulse-labeling studies with rbcL chloro-
plast mutants have shown that, in the absence of large subunits,
small subunits are synthesized at a normal rate, transported
into the chloroplast, and then rapidly degraded (5, 6, 31).
However, when small subunits are absent, due to the rbcS-
T60-3 deletion (Fig. 3), large-subunits do not appear to be
synthesized at a normal rate (Fig. 1A), even though a normal
amount of rbcLmRNA is present (Fig. 1B). We doubt that the
large subunits are degraded as fast as they are synthesized
during pulse labeling because a normal rate of large-subunit
synthesis has been observed in an rbcL nonsense mutant (31,
42), as well as in all rbcL missense mutants that have unstable
holoenzymes (5, 6, 43). This raises the possibility that small-
subunit expression controls Rubisco subunit stoichiometry by
regulating large-subunit expression at the level of translation.
A trace of large subunits does accumulate in the rbcS-T60-3
mutant (Fig. 4). Perhaps this indicates that large subunits are
resistant to posttranslational degradation when in excess of
small subunits (see ref. 5), necessitating translational control
to achieve subunit stoichiometry. Previous studies with anti-
sense rbcS tobacco plants showed that the level of rbcSmRNA
determines the level of Rubisco holoenzyme without influ-
encing the amount of rbcL mRNA (44). One of the antisense
plants appeared to have decreased synthesis of the large
subunit (44), indicating that translational control of large-
subunit expression may also occur in higher plants. More
recent analysis of the antisense rbcSmutants revealed that they
have a reduction in rbcL mRNA associated with polysomes
(45). This is particularly strong evidence for small-subunit
control of rbcL mRNA translation. Further experiments will be
necessary for elucidating the role of such posttranscriptional
events in Rubisco large-subunit and holoenzyme expression.
This is paper no. 11412, Journal Series, Nebraska Agricultural
Research Division. We thank Dr. R. Chollet for the Rubisco antibody.
FIG. 3. Mutant T60-3 lacks both rbcS genes, and can be trans-
formed with either rbcS1 or rbcS2. (A) PCR amplification of rbcS gene
regions from total DNA extracted from wild-type (lane 1), mutant
T60-3 (lane 2), and rbcS1 and rbcS2 transformants of T60-3 (lanes 3
and 4, respectively). A single pair of oligonucleotides was used to
amplify regions of rbcS1 and rbcS2 (753 and 888 bp, respectively) from
the end of intron 1 to the middle of exon 4 (Fig. 2). (B) DNA
hybridization analysis of EcoRIyHindIII-digested total DNA (5 mg per
lane) extracted from wild-type (lane 1), mutant T60-3 (lane 2), and
rbcS1 and rbcS2 transformants of T60-3 (lanes 3 and 4, respectively).
The filter was probed with a 32P-labeled 1190-bp PstI fragment
containing the 39-coding region of rbcS2. The probe detects 1.5- and
7.9-kb fragments that contain the 39 end of rbcS1 or the entire rbcS2
gene, respectively (Fig. 2).
FIG. 4. Western blot analysis of dark-grown rbcS transformants.
Total soluble cell protein was extracted from wild-type (lane 1),
mutant T60-3 (lane 2), and independent rbcS1 (lanes 3–6) and rbcS2
(lanes 7–10) transformants of T60-3. Each protein sample (30 mg) was
fractionated with SDSyPAGE. The proteins were transferred to
nitrocellulose and probed with rabbit antibody against tobacco
Rubisco holoenzyme. The T60-3 mutant accumulates only a trace of
large subunit. LS, large subunit; SS, small subunit.
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